Using the density-functional linear-response theory we calculate momentum and energy dependencies of dynamical spin susceptibility for the optimally doped infinite-layer compound CaCuO 2 . Incommensurate antiferromagnetic fluctuations are obtained in a low-energy region in the normal phase at optimal doping. The results of the calculations are compared with inelastic neutron-scattering measurements and previous model calculations. DOI: 10.1103/PhysRevB.63.132401 PACS number͑s͒: 75.40.Gb, 71.15.Mb, 75.10.Lp It is by now widely recognized that studying dynamical spin susceptibility (q,) of high-temperature superconductors ͑HTSC͒ may bring an understanding of their many unusual properties including effect of superconductivity ͑SC͒ itself. Among these properties, such issues as opening of the pseudogap, the existence of 41 meV resonance peak in superconducting state and its suppression in the normal state, as well as the incommensurability of magnetic fluctuations and its universality in different HTSC's are most puzzling. 3 using more advanced experimental technology, succeeded to determine the precise displacements of the incommensurate peaks and found their absolute amplitudes. Recent experiments in 123O 6 .7 revealed an incommensurability at wave vectors (0.5Ϯ␦,0.5), (0.5,0.5Ϯ␦), where ␦Ϸ0.11 which is very close to the hole concentration ϳ 1 8 . 4 Some signs of incommensurability as a flat-topped form of low-energy momentum scans were reported some years ago. 5, 6 It was found 6 a separable model for the susceptibility, Љ(q,)ϭЉ()F(q) where q-dependent shape function, F(q), was the same in both the superconducting and normal states. In other experiments only commensurate magnetic fluctuations were detected. 7, 8 For example, in the work of Bourges 8 it is reported that momentum dependence of (q, 0 ) for some fixed 0 between 10 and 40 meV and Tϭ100 K shows a commensurate peak at Q ϭ(,) for any doping. In the most recent and a comprehensive inelastic neutron-scattering study of the near optimally doped YBa 2 Cu 3 O 6.85 done by Bourges et al.
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Incommensurate spin dynamics has been clearly detected in single-layer La-based cuprates while with bilayer Y-based cuprates the situation is still unclear. Until recent time no clear incommensurability was detected in 123O 6ϩx compounds. Dai et al. 2 have found incommensurate phase in 123O 6.6 (T c ϭ63 K) around energy Eϭ25 meV for T Ͻ70 K. Later, Mook et al., 3 using more advanced experimental technology, succeeded to determine the precise displacements of the incommensurate peaks and found their absolute amplitudes. Recent experiments in 123O 6 .7 revealed an incommensurability at wave vectors (0.5Ϯ␦,0.5), (0.5,0.5Ϯ␦), where ␦Ϸ0.11 which is very close to the hole concentration ϳ 1 8 . 4 Some signs of incommensurability as a flat-topped form of low-energy momentum scans were reported some years ago. 5, 6 It was found 6 a separable model for the susceptibility, Љ(q,)ϭЉ()F(q) where q-dependent shape function, F(q), was the same in both the superconducting and normal states. In other experiments only commensurate magnetic fluctuations were detected. 7, 8 For example, in the work of Bourges 8 it is reported that momentum dependence of (q, 0 ) for some fixed 0 between 10 and 40 meV and Tϭ100 K shows a commensurate peak at Q ϭ(,) for any doping. In the most recent and a comprehensive inelastic neutron-scattering study of the near optimally doped YBa 2 Cu 3 O 6.85 done by Bourges et al. 9 no indication of was found incommensurate magnetic fluctuations above the superconducting temperature.
A great amount of theoretical work has been made to understand the structure of measured (q,) in both normal and superconducting states. A phenomenological antiferromagnetic Fermi-liquid theory has been developed. 10 Quantum Monte Carlo studies of a two-dimensional ͑2D͒ Hubbard model have been carried out. 11 In other works, [12] [13] [14] [15] [16] [17] starting from a particular model for the band structure, the calculations of Lindhard and random-phase-approximation like ͑RPA͒ susceptibilities have been performed. The calculations differ by either using a single-band 12, 13, 17 or more realistic few-band model [14] [15] [16] and whether the antiferromagnetic ͑AF͒ exchange interaction used in the RPA expression is q dependent. [13] [14] [15] [16] [17] or q independent.
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Both inconsistent experimental situations about the existence of incommensurability in the normal state and numerous model calculations inspired us to perform a realistic simulations of the dynamical spin susceptibility in the normal state by taking into account the effects of all bands and by including the effects of all local fields. These calculations are based on ab initio density-functional linear response approaches and do not use any adjustable parameters. The method has been developed recently 18 and is shown to produce (q,) in a number of ferromagnetic ͑Fe, Ni͒, antiferromagnetic ͑Cr͒, and strongly paramagnetic ͑Pd͒ metals in good agreement with experiments. The treatment of all bands and all local-field effects is achieved by using linear-muffintin-orbital ͑LMTO͒ representation 19 when calculating dynamical susceptibilities. The interactions between electrons are generally treated using so-called adiabatic local-density approximation ͑ALDA͒. 20 The well-known drawback of the latter in case of Cu 3d electrons of HTSC's, 21 connected with strong underestimation of on-site effective Coulomb interaction, is overcome by using the LDAϩU density functional. 22 The latter substitutes wrong value of Stoner parameter I in the LDA functional by the correct value given by the Hubbard U. We thus solve self-consistently the following RPA-like equation:
in terms of localized-orbital representation provided by the LMTO. Here, q (0) (r,rЈ,) is noninteracting spin susceptibility and I xc (r,rЈ) is assumed to have two energyindependent contributions: the local one ͓ϳ␦(rϪrЈ)͔ described by ALDA and the correction for Hubbard U, which, however, enters only between the matrix elements of Cu 3d orbitals. This is the only essential approximation made in this calculation. Linear-response functions in Eq. ͑1͒ are then represented as one-center spherical harmonics expansions inside the spheres surrounding every atom and as plane-wave expansions in the interstitial region. The well-known problems of the summations over higher excited states and the matrix inversion are avoided using the solid-state generalization of the Sternheimer method as described in Ref. 18 23 whose simple infinite-layer structure makes it attractive for theoretical studies. We did doping of CaCuO 2 by holes in a uniform neutralizing background charge. The doping was chosen, to what we believe is nearly optimal, equal to 0.24 holes per unit cell and yϭ0. Since the calculated band structure of CaCuO 2 is similar to those found in calculations for YBa 2 Cu 3 O 7 , Fermi surfaces ͑FS͒ of both cuprates look quite identical and we hope that our results for CaCuO 2 are rather generic for HTSC's near optimal doping. Our earlier studies 24 of its lattice dynamics and the strength of the electron-phonon interactions in both s-and d-wave channels confirm this conclusions. Technical details of this calculation are similar to those published earlier. 24 We now discuss our results on calculated static spin susceptibility (q,ϭ0) and the doping dependent value of screened Coulomb interaction U. In the paramagnetic phase of undoped CaCuO 2 , this function exhibits a singularity at wave vector Qϭ(,) ͑and Neel temperature T N ) which signalizes the antiferromagnetic instability in the system. Upon doping, this singularity is smeared out and the system remains paramagnetic at all temperatures while exhibiting strong antiferromagnetic fluctuations. Our (q) calculated at zero doping shows a peak at (,) already for Uϭ0. However, the peak is found to be too weak to drive the system to antiferromagnetism. This is the well-known drawback of the LDA exchange-correlation interaction. 21 Upon increasing U, the peak at (,) grows up and the system becomes AF instable already at values of U starting from 2.5 eV. In our calculations we used Uϭ2.1 eV in order to avoid getting into the insulating regime.
The value of Uϭ2 eV for optimally doped HTSC's agrees reasonably well with the data published earlier. 25, 13 By taking into account that the bandwidth of CaCuO 2 , W, which is equal to 3 eV and a small contribution to the total U which comes from the LDA and is of the order 1 eV, the ratio U tot /Wϰ1 is obtained. Our calculations therefore support the regime of intermediate correlations hardly accessible via perturbative treatment.
The calculated dependence of static susceptibility as a function of q for Uϭ2 eV is shown in Fig. 1͑a͒ . The effect of the matrix elements resulting in the antiferromagnetically enhanced (q) resolves difficulties of some previous model calculations. It is well known that since Fermi surfaces of LSCO (La 2Ϫx Sr x CuO 4 ) and YBCO compounds are rotated by 45°relative each other, there is in general no problem to explain incommensurate antiferromagnetism of La-based compounds due to Fermi surface nesting, but the same explanation does not work in the YBCO case due to lack of the latter. As a result, in order to recover AF state of YBCO, a strongly q-dependent exchange interaction J(q) enhanced at (,) is standardly placed in the denominator of standard random-phase appproximation equation for susceptibility. 25 Our ab initio calculations of doped CaCuO 2 do not make any assumptions of that kind due to the correct inclusion of all band and all matrix element features, while the compound has the Fermi surface geometry very similar to the YBCO. On the other hand, we can also determine an effective q-dependent interaction U e f f (q) from the relationship U e f f (q)ϭ 0 Ϫ1 (q)Ϫ Ϫ1 (q). This will give us correct downfolding of our full multiband calculation to the one-band model. The behavior of function U e f f (q) is shown in Fig.  1͑c͒ which actually shows the enhancement around the vector (,).
Assuming nearest-and next-nearest-neighbor interactions, we have fitted the function U e f f (q) to U 0 ϩU nn ͓cos(q x a) ϩcos(q y a)͔ϩ2U nnn ͓cos(q x a)*cos(q y a)͔. The extracted values of U 0 ,U nn , and U nnn are equal to 0.74, -0.07, and 0.06 eV, correspondingly. This result allows us to conclude that the model with nearest-neighbor interactions used earlier 25 may not be completely adequate for the HTSC's and the inclusion of next interactions is seen to be equally important.
We now turn our discussion to the incommensurability issue. As already seen from Fig. 1͑a͒ there exists a whole plateau around the point (,) which assumes no clear commensurate structure. The incommensurability becomes FIG. 1. Static susceptibility (q) ͑a͒ and effective momentum dependence of Coulomb interaction U(q) ͑b͒ for the doped CaCuO 2 compound. U͑q͒ is given in Rydberg. In our computations the static susceptibility is normalized in such a way that it is equal to the density of states at qϭ0. much more pronounced with increasing the frequency. Momentum dependence of Im(q, 0 ) at 0 ϭ20 meV is shown in Fig. 2 which undoubtedly demonstrates the existence of incommensurate peaks located at the edges of the BZ. The crucial role in emerging those is played by the Lindhard function which is directly related to the band-structure. This conclusion is in general agreement with our own and previous model calculations. 16 Earlier experiments show only commensurate fluctuations for the YBCO FS geometry. 7 However, some signs of incommensurability in the flat-topped form have been published. 5, 6 Dai et al. 2 have very recently reported the presence of the incommensurability in YBCO. While their peaks are rotated by 45°relative to our findings, the authors also stressed that the peak structure like ours may also explain the obtained experimental result.
We scanned for incommensurability features in a quite broad frequency region and found that incommensurate picture is very robust at low frequencies ͑up to 60 meV͒ and Im(q,) becomes almost featureless for higher energies. It comes from our calculations that incommensurability vector is almost frequency independent at low energies.
We checked Im(q,) for incommensurability at another doping and found no incommensurate fluctuations in the overdoped regime at ␦ϭ0.18. The reason for this is the behavior of FS which changes quite substantially with doping. The Fermi surface changes from the rounded one ͑in underdoped and optimally doped case͒ to nearly nested one ͑in overdoped case͒. As a result, the static susceptibility changes dramatically and has monotonous behavior with no signs of incommensurability at all.
Thus, we have obtained incommensurate magnetic fluctuations in doped CaCuO 2 compound in the normal state without taking into account superconducting s-or d-wave picture proposed in a number of theoretical works 26, 27 to explain this phenomenon. In our case incommensurability comes from band-structure singularities where combination of ''itinerant'' and ''localized'' contributions are taken into account. 13 We finally discuss frequency dependence of the dynamical spin susceptibility. Calculated Im(q,) of optimally doped CaCuO 2 for qϭ(,) is presented in Fig. 3 , where our results are compared with the results of neutronscattering measurements for 123O 6.5 (T c ϭ53 K) and 123O 6.92 (T c ϭ91 K). 8 All curves have been normalized to unity. Our calculation clearly shows a peak at ϭ10 meV originating from spin fluctuation at (,). This peak is present for all q's near (,) but rapidly disappears when q goes inside the Brillouin zone. As we see, the calculated curve is in a reasonable agreement with the experiment. In fact, a better agreement is found with the underdoped YBCO sample (O 6.5 , T c ϭ53 K͒ whose peak position is at ϭ25 meV. However, due to some differences in the band structures of YBCO and CaCuO 2 which can lead to slightly different determination of optimal doping, the discrepancies of such kind are expectable. To illustrate doping dependence of the peak position, we have computed Im(q,) for ␦ ϭ0.18 which corresponds to 0.36 holes per unit cell. The peak has been found to shift from Ϸ10 meV to Ϸ20 meV in accord with the experimental trends.
Another feature of our calculation is an existence of some plateau at frequencies of the order 50 meV which is not seen in the YBCO experiments. It originates from the band lying very close to the Fermi level in doped CaCuO 2 . This band is specific for this system only and is not found in YBCO and other HTSC's. The latter gives possible explanation for our discrepancy in this region.
In conclusion, we have calculated momentum and energy dependencies of real and imaginary parts of the dynamical spin susceptibility (q,) of doped CaCuO 2 compound using ab initio density-functional linear-response approach. Our fermiological description of incommensurate magnetic fluctuations is found to be in good agreement with the existing neutron-scattering measurements and previous model calculations. We therefore believe that our picture is adequate for this system and, most likely, for other HTSC's in the normal state at optimal doping. Extensions of the present calculation to the superconducting state and to the finite temperatures are possible and will be postponed for the future work. 
